It was recently reported that strains of Streptococcus pyogenes are capable of inducing entry of the bacterium into epithelial cells; however, nothing is known regarding the gene(s) and the underlying mechanism(s) involved. Using isogenic mutants of S. pyogenes JRS4 strain that are defective in the expression of each of the surface proteins F1 and M6, it was demonstrated that both are required for efficient internalization. Expression of F1 on the surface of a poorly invading S. pyogenes strain significantly enhances its internalization efficiency. Protein F1 -mediated internalization is inhibited by UR, the nonrepetitive fibronectin-binding domain of this protein, and to a lesser extent, by the repetitive fibronectin-binding domain, RD2. Polyclonal anti -human fibronectin antibodies completely abolish F1-mediated internalization; increasing fibronectin concentrations result in a significant enhancement of bacterial uptake. The findings shown here suggest that protein F1 mediates streptococcal internalization and that the M6 protein is required for more efficient entry of the bacterium.
Streptococcus pyogenes is a major human pathogen that most with pharyngitis were efficiently internalized by both epithelial commonly causes pharyngitis (strep throat) by colonizing the (HEp-2, HeLa) and umbilical vein endothelial cells. Both studnasopharynx. It is also the causative agent of scarlet fever and ies demonstrated that actin polymerization but probably not several pyodermas, such as cellulitis, erysipelas, and impetigo. the formation of microtubules was required for bacterial interInfections can invade deeper tissues, causing more severe disnalization. eases, such as necrotizing fasciitis, myositis, or toxic shockMore recently, streptococcal internalization was also demonlike syndrome [1 -3] . The recent resurgence of acute S. pyostrated by others [6 -8] . Based on internalization experiments genes infections in both the United States and Europe has using both encapsulated and acapsular strains and a mouse enhanced efforts to understand the basics of streptococcal model for soft skin infection, it was proposed that evasion of pathogenicity. Two studies have recently shown that group A intracellular uptake is a virulence factor for production of invastreptococci (GAS) are able to invade human epithelial and sive disease [6] . Although the debate regarding the clinical endothelial cells [4, 5] . LaPenta et al. [5] used lung carcinoma relevance of streptococcal internalization still exists, histopathepithelial cell line to demonstrate that GAS strains of the ologic findings from both respiratory epithelial cells from paM1inv / type isolated from patients with severe invasive disease tients with tonsillitis and from tonsils of asymptomatic carriers were more invasive (in vitro) than a strain of the M1inv 0 are suggestive of intracellular localization of GAS in vivo [8] . type isolated from a patient with an uncomplicated case of It was suggested that GAS internalization may be essential for pharyngitis; hence, these researchers proposed that the ability maintaining the reservoir of this pathogen in human carriers to cause severe streptococcal invasive disease correlates with [8] . Furthermore, in a preliminary survey, we found that strains the internalization efficiency of a strain [5] . Greco et al. [4] isolated from asymptomatic patients are ingested by HEp-2 confirmed that GAS strains are capable of entering mammalian cells much better than strains recovered from patients with cells by showing that 2 GAS isolates derived from patients acute pharyngotonsillitis (unpublished data). Thus, internalization may have important clinical relevance, the nature of which remains to be fully explored. While much information has accumulated on the internaliza-JID 1998;178 (July) of antibiotic-protected extracellular bacteria, invasion assays of M18, and 100076-M49 were described previously [26] . Except for JRS4 were conducted, also at 4ЊC, a temperature that is nonpermisstrain 100076, the strains were isolated from patients with severe sive for cell internalization. In a few cases (as detailed below), invasive diseases and acute rheumatic fever [26] . These strains do bacteria were centrifuged for 10 min onto a HEp-2 cell monolayer not possess the prtF1 gene and (except for strain 100076) bind Fn at 1000 g prior to the 2-h invasion period. Streptococci were found poorly [26] . JRS4, an M type 6 serotype, is a streptomycin-resistant to be in close contact with the monolayer, as visualized by light derivative of strain D471 (from the Rockefeller University collecmicroscopy. In these experiments, bacteria were not washed foltion), which was originally isolated from a patient with rheumatic lowing the invasion step. Results from a representative experiment fever [30] . This strain binds Fn constitutively via its protein F1
were read as the average percentage ({SD) of bacteria that suradhesin [24, 31] . Strain JRS145 is an isogenic mutant of JRS4 vived antibiotic treatment in three infected wells. In experiments strain, in which emm6.1 was insertionally inactivated [32] ; SAM1 using tissue culture medium without serum, no bacterial growth and SAM2 were derived from JRS4 and JRS145 strains, respecwas detected during the infection time. Thus, we have calculated tively, by insertional inactivation of prtF1, the gene that encodes the percentage of bacteria that survived from the initial inoculum. protein F1 [24] . S. pyogenes AP1 strain, an M1 serotype, is from When serum-supplemented medium was used, the number of viathe Prague collection [33] . AP1 prtF1 is a recombinant AP1 strain ble bacteria after the infection period increased; therefore, we used that harbors plasmid pPTF8; this plasmid is a derivative of an the total number of viable bacteria after 2 h to calculate the percentEscherichia coli-streptococcus shuttle plasmid, pLZ12-Km, conage of bacteria that survived antibiotic treatment. Duplicate plating taining a 2.9-kb EcoRV DNA insert that harbors the entire prtF1 of three dilutions was done for each infected well. Each experiment gene [24] . GAS strains were cultured in Todd-Hewitt broth (Difco, was repeated at least three times. Detroit) supplemented with 0.2% yeast extract (THY). For plate
Internalization assays in the presence of various compounds. counts, colony-forming units (cfu) were determined by plating Inhibition experiments were performed in 96-well tissue culture bacteria on THY medium supplemented with 1.5% Bacto agar plates as described above, except that volumes were scaled down. (Difco). Streptomycin (1 mg/mL), kanamycin (0.5 mg/mL), and Thus, wells were infected with 10 5 cfu of the tested strain in 50 chloramphenicol (3 mg/mL) were used to culture the appropriate mL of tissue culture medium (without serum), but otherwise the streptococcal strains.
procedure was as before. Reagents included rabbit anti-human Fn Internalization assay. Internalization of GAS strains into the antibodies (Bio Makor, Rehovot, Israel), bovine serum Fn (Sigma, HEp-2 human larynx epithelial cell line was carried out essentially St. Louis), and protein F1-derived peptides, including the Fnaccording to LaPenta et al. [5] , with minor modifications as debinding domains, UR (comprising 49 amino acids) and RD2 (comscribed. HEp-2 cells were maintained in Dulbecco's modified Eaprising 44 amino acids) [22, 24] . Control reagents included rabbit anti-Klebsiella pneumoniae K2 antibodies (a gift from Y. Goldgle medium (DMEM) with 2 mM L-glutamine and 10% fetal calf number of attached bacteria includes the total number of cellassociated bacteria (both adherent and internalized cfu), for simTo test the possibility that strains JRS145, SAM1, and SAM2 plicity we will refer to them as adherent bacteria.
were less invasive than strain JRS4 (parent) merely because epithelial cells. This plasmid was previously shown to confer upon the AP1 strain the capability to bind Fn and to attach to hamster tracheal epithelial cells, suggesting that the recombinant strain (AP1 prtF1 ) expresses protein F1 on its surface [34] .
Results
Indeed, AP1 prtF1 internalized Ç15 times more efficiently than did the AP1 strain that harbored the plasmid vector (pLZ12Km) Internalization of various GAS isolates into HEp-2 cells. GAS isolates from different origins were tested for their ability alone ( figure 4 ), yet adherence of the AP1 prtF1 strain was only twice that of the AP1 strain containing the pLZ12Km vector to internalize HEp-2 cells. The efficiency of internalization varies from 0.12% in strain 287 to 48% in strain JRS4 (figure (data not shown). To verify that the recombinant AP1 prtF1 strain was truly internalized, electron microscopic examination was 1). Of interest, strains of M types 1, 3, and 18 that were isolated from patients with severe invasive disease and acute rheumatic performed as detailed above. Figure 5B shows streptococci (AP1 prtF1 ) inside intracellular vacuoles, and no bacteria are fever were internalized much lower than the laboratory strain JRS4 or the M49 strain. Strain JRS4 was chosen for further observed within cells infected with AP1 containing the vector alone ( figure 5A ). The number of internalized AP1 prtF1 streptoexamination of its entry mechanism. In order to verify that streptococci are indeed found within epithelial cells, we examcocci was, however, fewer than that of intracellular JRS4 streptococci possessing intact F1 and M6 proteins. ined the internalization of strain JRS4 directly by electron microscopy. The role of Fn in protein F1 -mediated internalization was further established by the demonstration that polyclonal antiwere used in concentrations higher than those required for 100% (UR) or 80% (RD2) inhibition of Fn binding to the human Fn antibodies (but not control antibodies) markedly reduced the internalization efficiency of the JRS145 strain to JRS145 strain [25] . Both peptides significantly inhibited the entry of the protein F1 -expressing strains (JRS4 and JRS145) a level comparable to that of the double mutant, deficient in both M6 and F1 proteins. In contrast, these antibodies did not but did not affect the entry of the prtF1 mutant strain (SAM1) ( figure 6A, B, C) . Maximal inhibition of bacterial entry was affect the internalization of SAM1 that does not express protein F1 (figure 9A). A similar inhibitory effect was observed with achieved with the UR peptide, which was reminiscent of the findings regarding the inhibition of Fn binding to JRS145 by the parent strain, JRS4 (data not shown). The effect of anti -Fn antibodies on the adherence of strains the two peptides [25] . UR and RD2 had only a minor effect on the adherence of JRS4 (figure 6A), while a more pronounced JRS4, JRS145, and SAM1 is shown in figure 9B . The addition of antibodies markedly reduced the attachment of strain JRS145 effect was observed on the adherence of the JRS145 strain (figure 6B). No effect on the attachment of strain SAM1 but had only a minor effect on the adherence of the parent strain (JRS4). No inhibitory effect was detected with strain (M6 / F1 0 ) to the monolayer was detected (figure 6C). These results support the notion that streptococcal uptake is directed SAM1 (M6
). via protein F1 and that the entry inhibition is not merely a result of decreased adherence capacity of a strain.
Discussion

Role of Fn in internalization.
To examine the involvement of Fn in protein F1 -mediated internalization, we tested the The recent finding that GAS strains isolated from patients with severe invasive diseases are more penetrative in vitro than effect of increasing Fn concentrations on the internalization of strain JRS145 (M6 0 F1 / ). As shown in figure 7 , the internalizastrains isolated from a patient with an uncomplicated pharyngitis [5] led to the hypothesis that the capacity of GAS to invade tion efficiency of this strain was increased (by up to 3-fold) with increasing Fn concentrations. Fn at a concentration of 50 epithelial cells might reflect their potential to breach their original attachment site and gain entry into deeper tissues of the mg/mL also augmented the entry of JRS4 (by 2-fold), but not SAM1 or SAM2 (data not shown). The higher internalization host, including the bloodstream [5] . In order to understand how streptococci enter epithelial cells, we utilized a model system efficiencies of both JRS145 and JRS4 strains were found to be associated with increased attachment levels (data not shown).
that used HEp-2 cells derived from a human larynx carcinoma. Unexpectedly, isolates derived from severe invasive diseases To test whether Fn could overcome the inhibition of streptococ- and acute rheumatic fever invaded poorly in this system. Nonelized, suggest that at least two streptococcal proteins, M6 and F1, are associated with the internalization process. There theless, JRS4, a laboratory isolate, was efficiently internalized by the epithelial cell monolayer.
are several indications that support direct involvement of protein F1 in cell invasion. A mutant lacking this protein The HEp-2 cell line is particularly valuable because it is commonly used to examine adherence of streptococci (as well (SAM1) is significantly less invasive than the wild type strain (JRS4). This phenomenon could not be attributed only to as other bacterial species) to epithelial cells of pulmonary origin. Moreover, JRS4 proteins M6 and F1 have both been implia lower adherence capacity of the bacterium because the adherence of SAM1 to HEp-2 cell is only 25% lower than cated in the adherence of GAS isolates to HEp-2 cells. It has been demonstrated that a mutant strain (JRS75, a sister strain that of the parent strain (JRS4). Protein F1 that is expressed on the surface of the low-invading F1 0 strain (AP1) conferred of JRS145), incapable of expressing M6 protein, displays 73% less adhesion activity to HEp-2 cells than its parent strain, an ''invasive'' phenotype upon the heterologous strain. The internalization was mediated solely by plasmid pPTF8, car-JRS4 [23] . Furthermore, a purified recombinant protein derived from sfbI, an allelic variant of prtF1 [26, 27, 29, 35] , inhibited rying only the prtF1 gene on a 2.8-kb DNA fragment [27, 34] . The latter finding supports the notion that prtF1 by itself the attachment of strain DSM2071 (M type 23) to HEp-2 cells by up to 46% compared with the control [28] .
is associated with bacterial entry and argues against the possibility that the lower entry capacity of SAM1 and SAM2 The experiments reported here, in which isogenic mutants of JRS4 strain defective in emm6.1 and/or prtF1 were utistrains is a result of a polar mutation in prtF1-adjacent genes.
/ 9d4a$$jy06 05-27-98 00:11:22 jinfa UC: J Infect A similar outcome has been demonstrated in other experiprotein F1 -expressing strains (JRS4, JRS145) but did not alter entry of the prtF1 0 mutant (SAM1). The effect of these pepmental systems; for example, the adherence of the JRS145 strain to skin tissue was enhanced in the presence of Fn [21] , tides on the adherence of JRS4 strain was much less pronounced than the effect on internalization (figure 6A). These as was the uptake of various microorganisms by professional phagocytes [36 -39] . Fn, however, did not have any effect on results are in agreement with other studies demonstrating a mild inhibitory effect of SfbI (a protein F1 homologue) and a the internalization of another streptococcus strain [40] , suggesting that the observed effect might reflect a strain-specific major role for M6 protein on the adherence of streptococci to mechanism of internalization. The enhancement effect in our
The Yersinia protein invasin mediates both attachment to and entry into cells by binding with surface receptors that are study may be associated with an opsonization process, which enables multiple receptors on both bacterial and HEp-2 surfaces members of the b1 integrin family. The same domain on invasin is responsible for both attachment and invasion, and it to interact via a Fn bridge. In agreement with this model, the entry of JRS4 (M6
), was also binds to an integrin domain that also binds Fn [41 -43] . It has been suggested that invasin binds b1 integrins with a higher increased in the presence of exogenous Fn. Moreover, Fn could reverse the inhibitory effect of UR and RD2 peptides upon the affinity than does Fn and that this binding triggers bacterial uptake [44] . Similarly, there are no distinctions between the entry of the JRS145 strain expressing protein F1 (figure 8). The involvement of Fn in the entry process is also shown by streptococcal protein F1 domains that are responsible for Fnbinding (UR and RD2) and those for cell internalization. Howthe finding that anti -Fn antibodies inhibited the entry of JRS4 and JRS145 but not the SAM1 strain ( figure 9A) .
ever, a different entry mechanism may exist in streptococci inasmuch as Fn may be involved in the protein F1 (but not As protein F1 binds domains on the Fn molecule that are distinct and separate from the RGD cell -binding domain [25] , invasin) -mediated internalization. When the internalization assays were performed following it might be hypothesized that this binding induces a signal (perhaps via the Fn molecule) upon the host cell that triggers centrifugation of the mutants onto cell monolayers so as to bring the bacteria into intimate contact with the HEp-2 cells, a cytoskeleton rearrangement and subsequent bacterial internalization.
no change in the efficiency of entry was observed. The inabil-/ 9d4a$$jy06 05-27-98 00:11:22 jinfa UC: J Infect ity to promote bacterial entry following centrifugation sugboth attachment to and invasion into epithelial and Schwann's cell lines. Similar to our results, the mycobacterial uptake was gests that physical contact, per se, is not enough to support internalization. This finding is similar to the observation enhanced in the presence of Fn [46] . Thus, although both streptococcal and mycobacterial genes have no substantial DNA made by others using an internalin-deficient mutant of L. monocytogenes [13] . cell, possibly via integrin receptors. Integrins are transmemThe recent finding that the binding of a recombinant streptococcal repeat domain of SfbI (corresponding to RD2) to the Nbrane surface adhesion molecules known for their ability to bind extracellular ligands, including Fn, as well as cytoskeleton terminal fragment (29 kDa) of Fn causes conformational changes in the bacterial peptide [49] suggests that the protein components, thus linking the extracellular environment to cytoskeleton [47, 48] .
F1 -Fn interactions might indeed be more complex.
What is the role of M6 protein in the internalization process? Internalization of streptococci, including strain JRS4, involves polymerization of actin filaments ( [4, 5] , unpublished
The results reported here suggest that this protein is required for efficient entry of strain JRS4 into HEp-2 cells. As adhesion data). It is tempting to speculate that the binding of protein F1 to Fn modulates the integrin molecules to induce cytoskeleton of bacteria to eukaryotic cells is a prerequisite for efficient internalization, it is possible that mutants lacking M6 protein rearrangement, leading to bacterial internalization. Certainly, this model requires more experiments to be evaluated. On the might have lower invading capacity due to the lack of an important adhesin. Indeed, our data show that JRS145 has a basis of the data presented here, we cannot rule out, at this stage, other possibilities. For example, the Fn -protein F1 interreduced adherence capacity to HEp-2 cells (75% of JRS4 strain) (figure 3). A previous study reported that the adherence actions may lead to activation of other domains on protein F1 that interact directly or indirectly with other host-cell receptors.
of a JRS75 (a sister strain of JRS145) that lacks an intact M6
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